I n dryland cropping systems, soil available water and N content are some of the major limiting factors for crop production (Lenssen et al., 2007; Sainju et al., 2009) . Precipitation, being the major source of available water for dryland crops, needs to be used effi ciently to sustain yields. Crops may not be able to use N effi ciently if water is a limiting factor for growth and production. Th is may result in increased residual N accumulation in the soil aft er crop harvest, which can degrade environmental quality through increased N leaching into the groundwater and emissions of greenhouse gases, such as N 2 O. On the other hand, soils enriched with N through manures and fertilizers can increase crop yields in the presence of abundant soil water that may result in increased soil water depletion.
Nitrogen fertilization can increase dryland winter wheat yields and WUE compared to no N fertilization by better utilizing the available soil water (Singh et al., 1975; Nielsen and Halvorson, 1991; Frederick and Camberato, 1995; Hatfi eld et al., 2001; Fan et al., 2005a) . Th is is because N fertilization can increase winter wheat root growth and biomass, effi ciently utilize water stored during the fallow period, and absorb more soil water during the crop growing season in water-limited semiarid regions (Frederick and Camberato, 1995; Hatfi eld et al., 2001; Fan et al., 2005a) . Increased aboveground biomass as a result of N fertilization can increase water loss from the crop canopy due to greater evapotranspiration (ET) (Ritchie and Johnson, 1990; Nielsen and Halvorson, 1991) . In semiarid regions of the central U.S. Great Plains and the Loess Plateau of China, increased N fertilization can increase the plant water defi cit (Nielsen and Halvorson, 1991; Frederick and Camberato, 1995; Huang et al., 2003; Fan et al., 2005b) . Th erefore, N fertilization rates to winter wheat need to be adjusted to sustain WUE and grain yield in these semiarid regions.
Dryland crop yields are usually infl uenced by precipitation during and aft er the growing season (Li, 1983; An et al., 2003; Stone and Schlegel, 2006) . To increase soil water storage and the amount of water available to the succeeding crop, fallowing is usually practiced (Lyon et al., 1998; Moret et al., 2006; Nielsen and Vigil, 2010) . Th e eff ect of fallowing on the soil water balance and PSE during the fallow period is known (Tanaka and Anderson, 1997; Lyon et al., 1998; Moret et al., 2006; Nielsen and Vigil, 2010) . In the Loess Plateau of China, a short summer fallow of about 3 mo between the harvest of the previous winter wheat in late June and planting of the succeeding crop in late September is practiced to conserve soil water, increase the PSE, and sustain grain yield. While the PSE in the Loess Plateau has been reported to vary from 35 to 40% (Shangguan et al., 2002) , it ranged from 12 to 43% in a winter wheat-summer fallow system in other regions (Jin et al., 2007; Wang et al., 2011) . Because of the greater water consumption by wheat due to increased yield as a result of increased N fertilization, little is known about its eff ect on the soil water balance and PSE during and aft er the growing season, especially in the Loess Plateau of China.
We hypothesized that N fertilization to winter wheat would increase the PSE, thereby sustaining the soil water balance and grain yield compared to no N fertilization. Our objective was to examine the eff ect of N fertilization rates from 0 to 180 kg N ha -1 on SWSF and soil water uptake during the growing season (SWUG) to a depth of 3 m, and the PSE, winter wheat yield, ET, and WUE from 2005 to 2010 in a long-term (26-yr) experiment in the Loess Plateau in central China.
MATERIALS AND METHODS

Experimental Site
Th e experiment was conducted at the Changwu AgroEcological Research Station in the Loess Plateau (107°44.70′ E, 35°12.79′ N) in Changwu County, Shaanxi Province, central China. Th e experimental site is located in the warm subtropical zone, with an average annual air temperature of 9.2°C and a continental monsoon climate with annual precipitation of 581 mm, more than half of which occurs from July to September (Fig. 1) . Th e site is located at 1220 m asl and has a slope of 0.07%. Th e mean frost-free period is 194 d and the open pan evaporation is 1440 mm. Th e soil is a Heilutu silt loam (a Calcarid Regosol according to the FAO classifi cation system [FAO, 1988] or an Ultisol according to the U.S. soil taxonomy), with 35 g kg -1 sand, 656 g kg -1 silt, and 309 g kg -1 clay in the 0-to 20-cm depth. Th e average soil wilting point, fi eld capacity, and saturation point are 10, 29, and 51% v/v (m 3 m -3 ), respectively. Th e bulk density of the soil is 1.3 Mg m -3 , pH is 8.3, organic matter content is 10.5 g kg -1 , total N is 0.80 g kg -1 , alkaline dissolved N is 37.0 mg kg -1 , total P is 0.66 g kg -1 , Olsen P is 3.0 mg kg -1 , exchangeable K is 129 mg kg -1 , and CaCO 3 is 108.4 g kg -1 in the 0-to 20-cm depth. Th e groundwater level was 60 m below the soil surface during the study period.
Field Experimentation
Th e long-term fertilization experiment containing 17 N and P treatments for winter wheat was initiated in September 1984 (Hao et al., 2007) . For this study, only fi ve N fertilization rates of 0, 45, 90, 135, and 180 kg N ha -1 were used. Phosphorus fertilizer was applied at 39 kg P ha -1 to each N treatment. Nitrogen was applied as urea (47% N) and P as calcium superphosphate (20% P). No K fertilizer was applied because the soil was enriched with this nutrient. Treatments were arranged in a randomized complete block design with three replications. Th e plot size was 6.7 by 3.3 m.
In mid-August of 1984 to 2010, plots were tilled with a moldboard plow to a depth of 20 cm and hoed by hand to 5 cm due to inexpensive manpower, followed by a secondary tillage with a rotary tiller to 20 cm in September before planting. Hand weeding for weed control was done during the fallow period and the growing season. All fertilizers were broadcast and incorporated to a depth of 20 cm with a rotary tiller before planting. In late September or early October, Chuangwu 134 winter wheat was sown at 80 kg ha -1 using a no-till drill with 25-cm row spacing and harvested in late June in the following year. Grain and aboveground biomass (stems and leaves) were harvested manually from the entire plot without returning crop residues to the soil. Th e grain yield was determined by threshing the plant on the ground and measuring the weight of an ovendried sample at 70°C.
Measurements and Data Analysis
Soil water content to a depth of 3 m was measured with a neutron probe at wheat planting (SWCP), harvest (SWCH), and during the fallow period. Neutron probes were left in the plots throughout the year, except during tilling, seeding, and fertilization when probes were removed and reinstalled near the initial location aft er planting. Th e neutron probe was placed at the center of each plot and calibrated against gravimetrically measured water contents from soil cores. Soil water data were recorded at 0.1-m intervals for the 0-to 1-m layer and at 0.2-m intervals for the 1-to 3-m layer. Th e total soil water content to 3 m was determined by adding water contents at the various depth intervals. Daily precipitation was recorded by an automatic weather station near the experimental site throughout the study.
Because the experiment was performed under dryland conditions, no irrigation was applied to winter wheat. Surface runoff was considered negligible because water fl ow was prevented by border dikes around each plot. Although tillage may increase water loss due to soil exposure, this loss was not measured. Because of the deep groundwater table (60 m), upward fl ow of water in the root zone and water loss due to drainage were also considered negligible (Li, 1983) . Th e SWSF was calculated as
where SWCPH is the soil water content at the previous year's winter wheat harvest or the beginning of the fallow period and SWCP is the soil water content at wheat planting or the end of the fallow period. Th e SWUG was calculated as
Th e annual soil water balance (ASWB) was calculated as Because precipitation is the sole water supply in dryland cropping systems in the Loess Plateau, the PSE was calculated as (Tanaka and Anderson, 1997; Jin et al., 2007; Nielsen and Vigil, 2010 )
where PF is total precipitation during the fallow period. Th e ET was calculated as
where PG is total precipitation during the growing season. Th e WUE was calculated as winter wheat grain yield WUE ET =
[6]
In July 2005, soil samples were collected aft er winter wheat harvest for organic C and pH analysis. Samples were collected with a 5-cm (i.d.) auger from fi ve random cores to a depth of 20 cm in each plot. Large pieces of plant and rock fragments were removed by hand. Soil samples were air dried and ground to pass through a 2-mm screen. Soil pH was measured in 1:2.5 soil/ water (w/v) suspensions using a glass electrode. Soil organic C concentration was determined by wet oxidation with K 2 Cr 2 O 7 and H 2 SO 4 (Nelson and Sommers, 1996) .
Data were analyzed by using the GLM procedure of SAS (SAS Institute, 1998) . Th e N fertilization rate was considered as the main treatment and year as the split-plot treatment for the analysis. Means were separated by using a least signifi cant diff erence test when treatments and interactions were signifi cant. Diff erences among treatments and years were considered signifi cant at P ≤ 0.05, unless otherwise stated.
RESULTS AND DISCUSSION Precipitation
Daily total precipitation at the experimental site varied among years (Fig. 1) . Precipitation was greater in July 2007 and 2008 than in other months. More than half of the total annual precipitation occurred during the summer fallow (JulySeptember) (Table 1) 
Soil Water Storage and Balance
Th e SWCP, SWCH, SWSF, and SWUG varied among N rates and years (Table 2) . Th e N rate × year interaction was signifi cant for SWCH, SWUG, and ASWB. Th e SWCH decreased from 0 to 90 kg N ha -1 in all years, but SWUG and ASWB varied among N rates in various years (Table 3) . Averaged across years, SWCP reduced from 7.9 to 19.3% and SWCH from 13.4 to 25.6% as the N rate increased (Table 2) . Both SWCP and SWCH were greater at 45 than 90, 135, or 180 kg N ha -1 . In contrast, SWSF and SWUG were greater with N than without. PF  401  312  302  270  280  303  PG  189  156  243  242  196  278  PT  590  468  545  512  476  581   Table 2 Averaged across N rates, SWCP, SWCH, SWSF, SWUG, and ASWB varied among years. As the N rate increased, SWCH and SWCP declined in a polynomial fashion (Table 4 ), but no relationship occurred among N rate, SWSF, and SWUG. Because of the long-term N fertilization and variable soil water use by winter wheat from 1984 to 2010, SWCP decreased with N fertilization (Table 2) . Th e lower SWCH with N fertilization than without in all years was probably due to increased water uptake by winter wheat because SWUG increased with N fertilization (Table 3) . Both SWCP and SWCH, however, were not signifi cantly altered above 90 kg N ha -1 , probably because water use by wheat may have slowed above this N rate. Similarly, SWUG was not altered above 45 kg N ha -1 . Variations in SWCP, SWCH, and SWSF, however, may have altered SWUG and ASWB with N rates in various years. Although ASWB varied with N fertilization in various years (Table 3) , overall near-zero and nonsignifi cant values of ASWB (Table 2) showed that winter wheat used almost all the available soil water during its growth, regardless of N fertilization rate. Th is was in contrast to the report by Huang et al. (2003) , who observed a positive soil water balance in an unfertilized treatment but an annual defi cit from 13 to 17 mm to a depth of 3 m in treatments containing N, P, K, and manure.
Th e greater SWSF with N rates than without suggests that N fertilization may have increased water storage during the fallow period, either by absorbing more water during the growing season (SWUG) and leaving more soil reservoir to store precipitation during the fallow period or by increasing the soil water holding capacity. It could be possible that N fertilization increased root growth and biomass (Sainju et al., 2005) , thereby increasing water uptake during the growing season and the soil organic matter and water holding capacity, since aboveground biomass was removed from the soil at grain harvest. A linear relationship occurred between the N fertilization rate and soil organic C in 2005 (Fig. 2) . Although organic C was not determined in soil samples from 2006 to 2010, it could be possible that a similar relationship existed between the N fertilization rate and organic C during this period, thereby increasing SWSF. As with SWUG, SWSF did not diff er above 45 kg N ha -1 .
Variations in precipitation among years may have altered SWCP, SWCH, SWSF, SWUG, and ASWB from 2005-2006 to 2009-2010 (Table 2) Huang et al. (2003) reported a signifi cant decrease in soil water storage with time aft er 15 yr of N, P, and K fertilization and manure application in the Loess Plateau of China. Because SWCP, SWCH, and SWSF varied among N fertilization rates and years in our experiment, N fertilization had less infl uence on soil water storage and recharge with time. Probably diff erences in soil and climatic conditions (e.g., precipitation) among locations and years infl uenced soil water storage.
Precipitation-Storage Effi ciency
Th e PSE varied among N rates and years (Table 2) . Averaged across years, the PSE was greater with N fertilization than without but did not diff er above 45 kg N ha -1 . Averaged across N rates, the PSE was greater in 2008-2009 but lower in 2009-2010 than in other years.
As with SWSF, greater PSE with N fertilization than without was probably due to increased soil reservoir capacity to store more precipitation during the fallow period due to increased water uptake by the succeeding wheat or increased soil organic C that enhanced the water holding capacity of the soil. A positive curvilinear relationship occurred between the PSE and soil organic C in 2005 (Fig. 3) . Long-term fertilization and the Interaction between N fertilization and year on soil water content (0-3-m depth) at winter wheat harvest (SWCH), soil  water uptake during the growing season (SWUG), and the annual soil water balance (ASWB) . addition of organic materials can increase the soil water holding capacity and PSE (Rawls et al., 2003; Zhang et al., 2006) . Th e nonsignifi cant diff erence in PSE with increased N rates, however, suggests that 45 kg N ha -1 was as eff ective as 180 kg N ha -1 in enhancing the PSE. Th e PSE among N rates and years followed trends similar to SWSF and SWUG ( Table  2 ), suggesting that the amount of precipitation stored in the soil may be related to soil water stored during the fallow period and crop uptake during the growing season. Th e PSE values of 26 to 32% as infl uenced by N fertilization in this experiment were slightly lower than the 30 to 35% reported by Shangguan et al. (2002) in the Loess Plateau of China but were within the range of 12 to 43% observed by several researchers in other parts of China (Jin et al., 2007; Wang et al., 2011) . Th e PSE has been reported to vary from 8 to 34% in the U.S. Great Plains (Nielsen and Vigil, 2010) and 11% in northeast Spain (Moret et al., 2006) . Th e diff erences in PSE among locations could have resulted from diff erences in the nature of treatments and soil and climatic conditions. Since >60% of the precipitation has been reported to be lost by evaporation during the summer fallow, improved practices, such as no-till and reduced tillage that conserve water due to reduced soil disturbance (Tanaka and Anderson, 1997; Hatfi eld et al., 2001) and increased residue accumulation at the surface should be adopted to further increase the PSE.
Winter Wheat Yield, Evapotranspiration, and Water-Use Effi ciency
Wheat yield, ET, and WUE varied among N rates and years, with a signifi cant N rate × year interaction for all parameters (Table 5) . Wheat yield and WUE generally increased with increased N rates in all years, but ET varied with N rates and years (Table 6 ). Averaged across years, yield, ET, and WUE were greater with N fertilization than without (Table 5 ). While ET did not diff er above 45 kg N ha -1 , yield and WUE were greater with 90, 135, and 180 than 45 kg N ha -1 and greater with 180 than 90 kg N ha -1 . Both yield and WUE were polynomially related with N rates (Table 4) . Averaged across N rates, the yield was greater but WUE was lower in 2007-2008 than in other years. Th e ET was greater in 2005-2006 and 2007-2008 than in other years.
Th e increased yield with increasing N rates in all years (Table 6 ) suggests that N fertilization has a positive eff ect on winter wheat yield in the calcareous silt loam soil of the Loess Plateau of China. Although N fertilizers have been applied since 1984, they do not seem to have an adverse eff ect on wheat yield even aft er 26 yr. It has been reported that long-term N fertilization can have reduced or no eff ect on crop yields due to soil acidifi cation (Herrero et al., 2010) . Th is does not seem to be the case in our experiment because N fertilization was not related to soil pH in 2005 (Fig. 2) . Probably N fertilization has little eff ect on acidifi cation of the calcareous soil with pH 8.3 in this experiment. Th is is in contrast to the fi nding of Fan et al. (2005a) , who observed that crop yields decreased with increased chemical fertilizer application aft er 24 yr in a winter wheat-corn (Zea mays L.) rotation system in the Loess Plateau of China. Because N fertilization increased SWSF, SWUG, and PSE with near-zero ASWB compared to no N fertilization (Table 2) , we conclude that N fertilization increased winter wheat yield not only by enriching the soil with N but also by increasing the water storage capacity of the soil during the summer fallow period, leading to almost complete depletion of water in the profi le by wheat during the growing season. As a result, precipitation was better utilized by wheat by increasing available soil water and yield. Because average wheat yield increased with increased N fertilization rate (Table 5 ), but SWSF, SWUG, and PSE were not altered above 45 kg N ha -1 (Table 3) , N fertilization above this rate had a positive eff ect on increasing winter wheat yield without altering available soil water content. Although data on soil NO 3 -N content and N uptake by winter wheat were not available, it could be possible that N fertilization rates above 45 kg N ha -1 increased wheat yield by enhancing soil NO 3 -N content and N uptake under similar levels of available water content. Huang et al. (2003) predicted that crop yields will eventually decline if soil water depletion continues with time in the Loess Plateau. Our results showed that soil water content varied among N rates and years (Table 2) . Th e prediction made by Huang et al. (2003) does not seem likely in our case because wheat yield increased with increased N fertilization rates, probably by using precipitation and available soil water more effi ciently. A signifi cant linear relationship occurred between wheat yield and PSE (r = 0.47, P ≤ 0.05, n = 25) in our experiment. Increased precipitation during the growing season, followed by greater PSE, SWSF, and SWUG, probably increased wheat yield in 2007-2008 above other years (Tables 1, 2 , and 5).
In dryland cropping systems, most of the soil water is lost through ET, which is infl uenced by growing season precipitation and preplant soil water storage (Li, 1983; Huang et al., 2003) . Th is seems to have held true in our experiment because PG, SWCP, and ET were greater in 2007-2008 than in other years (Tables 1, 2 , and 5). Although ET varied with N rates and years (Table 6) , greater average ET with N fertilization than without (Table 5) suggests that N fertilization increased ET, probably by increasing water loss from the canopy through enhanced wheat biomass. Similar levels of ET with N rates above 45 kg N ha -1 suggests that higher transpiration rates could be off set by lower evaporation losses above this N rate.
As with wheat yield, WUE increased with increased N fertilization rates in all years (Tables 5 and 6) . Probably increased N rates increased wheat yields by using soil water more effi ciently. Variations in WUE and wheat yield in 2007-2008 (Table 5) , however, suggest that winter wheat may not use water effi ciently during a year with higher growing season precipitation (Table 1) .
Diff erences in ET among N rates were relatively small compared to the diff erences in wheat yield (Table 5) . Th is is consistent with the studies of Zhang et al. (1999) and Qi et al. (2009) in the Loess Plateau. Nitrogen fertilization can increase crop leaf area and dry matter accumulation (Qi et al., 2009 ), which increase WUE by promoting crop transpiration and reducing soil evaporation (Frederick and Camberato, 1995; Zhang et al., 1999) . In the central U.S. Great Plains, Hatfi eld et al. (1988) reported that winter wheat grain yield, aboveground biomass, and WUE increased with increasing N rates, with little eff ect on ET. Th is suggests that a small change in ET can have a large impact on winter wheat yield and WUE.
CONCLUSIONS
In dryland cropping systems of the Loess Plateau of China, winter wheat grain yield and WUE increased with increased N rates. Such increases occurred as a result of greater SWUG through increased SWSF and PSE that helped to maintain the soil water balance, although SWCP and SWCH decreased with increased N fertilization rates. Wheat yield and WUE continued to increase with increasing N rates, even though SWSF and PSE did not diff er above 45 kg N ha -1 . Nitrogen fertilization increased soil organic C but did not infl uence pH in 2005. Nitrogen fertilization probably increased winter wheat yield and WUE by not only supplying N but also increasing precipitation storage during the fallow period and uptake during the growing season, the results of greater soil reservoir capacity or water holding capacity due to enhanced organic matter content. Such Table 6 . Interaction between N fertilization and year on winter wheat yield, evapotranspiration, and water-use effi ciency (WUE changes in water-use patterns with N fertilization will help to improve the sustainability of dryland winter wheat production without aff ecting soil acidity in the Loess Plateau of China. Th e economic and environmental impacts of N fertilization to winter wheat, especially with regard to N leaching and N 2 O emissions, however, need to be considered before a N fertilization rate is recommended.
